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The Journal of Immunology
Binding of the Duck Tembusu Virus Protease to STING Is
Mediated by NS2B and Is Crucial for STING Cleavage and
for Impaired Induction of IFN-b
Zhen Wu,* Wei Zhang,* Yuanyuan Wu,* Tao Wang,* Shaoxiong Wu,* Mingshu Wang,*,†,‡
Renyong Jia,*,†,‡ Dekang Zhu,†,‡ Mafeng Liu,*,†,‡ Xinxin Zhao,*,†,‡ Qiao Yang,*,†,‡
Ying Wu,*,†,‡ Shaqiu Zhang,*,†,‡ Yunya Liu,* Ling Zhang,* Yanling Yu,* Leichang Pan,*
Andres Merits,x Shun Chen,*,†,‡ and Anchun Cheng*,†,‡
Duck Tembusu virus (DTMUV) is a newly emerged causative agent of avian disease. The protease-dependent immune evasion of
flaviviruses has been reported; however, the molecular details of this process are unclear. In this study, we found that DTMUV
nonstructural protein 2B-3, a NS2B3 protease, can inhibit IFN-b production. DTMUV NS2B3 inhibited RIG-I–, MDA5-,
MAVS-, and STING-directed IFN-b transcription, but not TBK1- and IRF7-mediated induction of IFN-b. Further analysis
showed that DTMUV NS2B3 could cleave duck STING (duSTING); the cleavage was dependent on the protease activity of
NS2B3. Moreover, the STING cleavage event occurred in a not-strictly-species-specific manner. The scissile bond of duSTING
cleaved by NS2B3 was mapped between the R84 and G85 residues. The ability of NS2B3 to reduce duSTING cleavage-resistant
mutant-mediated IFN-b, and ISG production was significantly reduced, demonstrating that duSTING cleavage is essential for
NS2B3-induced suppression of type I IFN responses. Remarkably, the binding of NS2B3 to duSTING, which is a prerequisite for
cleavage, was found to depend on NS2B, but not NS3, the cofactor of the enzyme. Unexpectedly, we found that the region between
aa residues 221–225 of duSTING, distal from the site of the scissile bond, was essential for the binding of NS2B3 to duSTING
and/or the cleavage of duSTING by NS2B3. Thus, we identified the molecular mechanism by which DTMUV subverts the host
innate immunity using its protease. More importantly, our study provides insight into NS2B3-mediated STING cleavage events in
general. The Journal of Immunology, 2019, 203: 3374–3385.
T
embusu virus (TMUV) is an arbovirus that belongs to the
genus Flavivirus, family Flaviviridae. TMUV was iso-
lated from Culex tritaeniorhynchus mosquitoes in Kuala
Lumpur, Malaysia, in 1955 but was largely neglected until it was
shown to be responsible for severe duck egg-drop disease. Infec-
tion and morbidity rates up to 90% were observed in China in
2010 (1); this pathogen was called duck TMUV (DTMUV). Since
then, DTMUV has also caused serious harm to the duck industry
in Thailand, Malaysia, and other Southeast Asian countries as well
as China (2–4). The slow growth of poultry, the sharp decline in
egg production, and even the suspension of production have
caused major economic loss (5). Mammalian cell lines are sus-
ceptible to DTMUV infection (6), and similar results were dem-
onstrated in vivo in a study showing that BALB/c mice and
Kunming mice were susceptible to DTMUV after intracerebral
inoculation (6, 7). Furthermore, over 70% of duck industry
workers were reported to have Abs against DTMUV in the serum
samples tested, and ∼50% of oral swab samples were found to
be positive for DTMUV RNA. These data clearly indicate the
potential of DTUMV for transmission from ducks to humans or
from ducks to other nonavian hosts (8).
The genome of DTMUV is ∼11 kb in length and contains one
large open reading frame flanked by a 59–untranslated region and
39–untranslated region (9). The open reading frame encodes a
polyprotein of ∼3400-aa residues that is, through subsequent
cleavage by viral and cellular proteases, processed into three
structural proteins (the capsid [C], premembrane [prM], and en-
velope [E] proteins) and seven nonstructural proteins (NS1, NS2A,
NS2B, NS3, NS4A, 2KNS4B, and NS5) (10). The structural pro-
teins are involved in cellular attachment, membrane fusion, and
virion assembly, and the nonstructural proteins are engaged in viral
RNA replication; both types of proteins are likely involved in
counteracting host innate and adaptive immunity. The mechanism(s)
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of this inhibition represent an important topic in studies of
flavivirus/host interactions.
Innate immunity plays a vital role in recognizing and defending
cells and organisms against virus invasion. After internalization,
the flavivirus genome is released from virions; the genomes and
replication forms generated by viral replicase can be released and
recognized by two major groups of pattern recognition receptors
(PRRs): the extracellular/endosomal TLRs and members of the
cytoplasmic receptor family of DExD/H box RNA helicases such as
retinoic acid inducible gene I (RIG-I) and melanoma differentia-
tion–associated gene 5 (MDA5) (11–14). Once the PRRs are ac-
tivated, they bind to the corresponding adaptor protein(s) and
generate a signal that is then transduced to TBK1. Subsequently,
IRF3 is activated and enters the nucleus, where it induces type I
IFN production (15, 16).
Flaviviruses have evolved multiple mechanisms to escape
innate immunity (17). DTMUV NS1 interacts with the adaptor
protein mitochondrial antiviral signaling (MAVS), resulting in
inhibition of the MAVS pathway (18). The role of viral prote-
ases in immune evasion of flaviviruses has been reported;
however, the molecular details of its exact role remain poorly
understood. In this study, we found that the DTMUV NS2B3
protease cleaves duck STING (duSTING) at the scissile bond
located between the R84 and G85 residues of duSTING. This
cleavage was found to inhibit subsequent IFN signaling in a not-
strictly-species-specific manner. DTMUV NS2B3 as well as
individual NS2B proteins could bind to duSTING, whereas an
individual NS3 cannot. Moreover, the region located 140 resi-
dues downstream of the scissile bond, between aa residues 221–
225 of duSTING, was found to be vital for either the binding of
NS2B3 to duSTING and/or for the cleavage of duSTING by
NS2B3. Collectively, we uncovered the molecular mechanism
by which DTMUV subverts host innate immunity using the
NS2B3 protease. More importantly, our study provides a model
allowing insights into STING cleavage events by flavivirus
NS2B3 in general.
Materials and Methods
Cells and viruses
Human embryonic kidney (HEK) 293T cells and baby hamster kidney
21 (BHK21) cells were grown in DMEM (Sigma-Aldrich, St. Louis,
MO) containing 10% FBS, 2% tryptose phosphate broth, and 20 mM
HEPES. Duck embryo fibroblasts (DEFs) were obtained from 10-d-old
duck embryos propagated in DMEM supplemented with 10% newborn
calf serum (Life Technologies, Gaithersburg, MD). DEF cells and
mammalian cells were cultured in an incubator at 37˚C with 5% CO2.
Newcastle disease virus (NDV) was provided by our laboratory, unless
otherwise stated, and the viral Tissue Culture Infectious Dose 50
in DEF cells used was 1 3 1025.67/0.1 ml. Duck DTMUV strain
CQW1 (GenBank accession number KM233707.1; https://www.ncbi.nlm.
nih.gov/genbank) was reported previously, and the viral titer was 1 3 1026/
0.1 ml (9, 10).
Plasmid construction
Sequences encoding eight nonstructural proteins of DTMUV were indi-
vidually cloned into the pCAGGS expression vector; the cloning was
performed using standard molecular biological techniques, and the
expressed proteins had a 6xHis tag at the C terminus. The plasmids p–duck
RIG-I/Flag (19), p–duck MDA5/Flag (20), p–duck MAVS/Flag (21), p–duck
TBK1 (duTBK1)/Flag (Table I), p–duck IRF7/Flag (22), pduSTING/Flag
(Table I), and pduSTING/His were designed for expression of the indi-
cated proteins derived from ducks. For all the plasmids, the sequence
encoding the indicated protein was cloned into the pCAGGS vector
plasmid. Construction of the luciferase reporter plasmid pIFN/b-Luc was
previously described (23); pGL4.45 was used to measure activation of the
IFN-stimulated response element (ISRE), and the pRL-TK internal control
luciferase reporter plasmid was purchased from Promega. A DTMUV
subgenomic replicon plasmid, pRep/DTMUV/Rluc, containing cDNA
corresponding to the DTMUV RNA replicon designed to express Renilla
luciferase as a fusion protein with the DTMUV genome was constructed
by our laboratory. Mutagenesis of duSTING constructs was carried
out by overlap extension PCR. Plasmids expressing avian influenza
virus H9N2 NS1 (influenza A virus NS1 [fNS1]), mouse STING, and
pig STING were provided by the Shanghai Veterinary Research In-
stitute (Table II). Sequences of all plasmids were verified by automatic
DNA sequencing.
Transfection and luciferase reporter gene assays
BHK21 andDEFs were seeded in 24-well plates at a density of 13105–33105
cells per well and incubated until they reached 70–80% confluence. Then,
800 ng of the luciferase reporter plasmid (pIFN/b-Luc for IFN-b and
ISRE) and 80 ng of the Renilla luciferase-expressing construct pRL-TK
(Promega) were cotransfected with the pCAGGS empty vector (control) or
specific expression plasmids using Lipofectamine 3000 (Invitrogen)
(Table II). The reporter gene assay was performed by using a dual-luciferase
reporter system (Promega).
Indirect immunofluorescence assays
BHK21 cells or DEFs were seeded on coverslips that were placed in six-well
plates. When the cells reached ∼70–90% confluence, they were cotrans-
fected with the indicated plasmids. At 24 h posttransfection, cells were
fixed in 4% paraformaldehyde for 1 h and permeabilized with 0.25%
Triton X-100 for 1 h at 4˚C. After three washes with PBS, the cells were
blocked with 5% BSA in PBS for 1 h and then incubated with primary
Abs, washed, incubated with secondary Abs, and washed and visualized
using a microscope (80i; Nikon).
RNA extraction and quantitative real-time quantitative PCR
DEFs grown in six-well plates were transfected with plasmids encoding
either DTMUV nonstructural proteins or fNS1 or empty vector (4 mg
DNA/well). After 24 h, the cells were infected with NDV for 24 h, and
total RNA was extracted using RNAiso Plus reagent (Takara, Dalian,
China). The RNA was reverse transcribed using 53 All-In-One RT
MasterMix and random hexamer primers (ABM, Richmond, BC,
Canada). Relative mRNA expression was then quantified using the
SYBR Green method (ABM) and a real-time thermocycler (CFX96;
Bio-Rad Laboratories, Hercules, CA) and normalized to the level of
mRNA of a housekeeping gene (b-actin). DTMUV and NDV copies
were detected by absolute quantitative PCR according to the real-time
quantitative PCR procedure previously established in our laboratory
(24, 25).
ELISA
Kits (Mlbio, Shanghai, China) were used to determine duck IFN-b ex-
pression levels in cell culture supernatants according to the manufacturer’s
instructions.
Western blot analyses
The cells were cultured in six-well plates and harvested with lysis
buffer (Thermo Fisher Scientific) containing a mixture of protease and
phosphatase inhibitors (Thermo Fisher Scientific). Equal amounts
of the samples were then separated by SDS-PAGE (10% polyacryl-
amide), transferred to polyvinylidene difluoride membranes, incubated
with primary and secondary Abs, and visualized using an ECL system
(Bio-Rad Laboratories). The expression of b-actin, used as a loading
control, was detected with an anti–b-actin mouse mAb (TransGen
Biotech).
Statistical analysis
All experiments were performed independently at least three times.
Statistical analyses were performed using unpaired, two-tailed Stu-
dent t test. A p value , 0.05 was considered to be statistically
significant.
Results
DTMUV blocks type I IFN induction
A previous study has shown that DTMUVaffects the activation of
the RIG-I–like receptor (RLR) signaling pathway in mammalian
cells (18). To investigate whether DTMUV also inhibits the pro-
duction of type I IFN in the most relevant host, we infected DEFs,
which belong to duck primary cells, with DTMUVand NDV for 3,
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12, 24 and 48 h. DTMUV proliferation peaked at 24 h postin-
fection (PI) (Fig. 1A).
DTMUV prominently induced IFN-a and IFNB1 mRNA pro-
duction (Fig. 1B). The production peaked at 24 or 48 h PI, and
the levels of both analyzed RNAs exceeded those observed in
cells infected with NDV, a well-known potent type I IFN in-
ducer (Table I). However, the same result was not observed for the
levels of IFN-b released into growth medium; compared with a
mock-infected control, DTMUV only slightly promoted the pro-
duction of IFN-b, and the effect did not reach statistical signi-
ficance even at 48 h PI. Furthermore, despite the relatively low
production of type I IFN mRNAs, NDV induced the production of
higher IFN-b levels than DTMUV (Fig. 1C). Taken together, these
results suggest that DTMUV inhibits type I IFN production at an
early stage, presumably affecting the translation of IFN mRNAs
and/or the secretion of IFN-b.
FIGURE 1. DTMUV blocks type I IFN induction. (A) DEF cells were grown in six-well plates and infected with DTMUVor NDV for 3, 12, 24, and 48 h.
Detection of E protein of DTMUV in DEF cells at different infection times (12, 24, and 48 h) by immunofluorescence using an anti-E mouse mAb.
The fluorescence was detected by fluorescence microscopy. Original magnification 3200. DTMUV mRNA levels were measured by quantitative RT-PCR
of the E gene in DEF cells at different infection times (12, 24, and 48 h). (B) Total RNAwas isolated, and the expression of IFN-a and IFN-b was analyzed
by quantitative RT-PCR. (C) Duck IFN-b levels in cell supernatants were quantified by an IFN-b ELISA kit at the indicated time points PI with DTMUV
and NDV. A representative experiment out of three repeats is shown. Asterisks indicate significant differences (p , 0.05) as determined by Student t test.
Error bars indicate SD. *p , 0.05.
Table I. PCR primers used in this research
Primer Purpose Sequence (59–39)
TMUV-E F qRT-PCR 59-AATGGCTGTGGCTTGTTTGG-39
TMUV-E R 59-GGGCGTTATCACGAATCTA-39
Duck IFN-a F qRT-PCR 59-TTGCTCCTTCCCGGACA-39
Duck IFN-a R 59-GCTGAGGGTGTCGAAGAGGT-39
Duck IFNB1-F qRT-PCR 59-TCTACAGAGCCTTGCCTGCAT-39
Duck IFNB1-R 59-TGTCGGTGTCCAAAAGGATGT-39
NDV F qRT-PCR 59-CTGCGGATAGAATCACCAAGGG-39
NDV R 59-GGGAGACAAAGCAGTCAACATA-39
Duck Mx-F qRT-PCR 59-TGCTGTCCTTCATGACTTCG-39
Duck Mx-R 59-GCTTTGCTGAGCCGATTAAC-39
Duck OASL-F qRT-PCR 59-TCTTCCTCAGCTGCTTCTCC-39
Duck OASL-R 59-ACTTCGATGGACTCGCTGTT-39
Duck b-actin–F qRT-PCR 59-GATCACAGCCCTGGCACC-39
Duck b-actin–R 59-CGGATTCATCATACTCCTGCTT-39
duSTING/PCA/Flag-F One-step cloning 59-CATCATTTTGGCAAAGAATTCGCCACCATGTCTCAGGAACCGCAGCACC-39
duSTING/PCA/Flag-R 59-TTGGCAGAGGGAAAAAGATCTCTACTTATCGTCGTCATCCTTGTAATCGGG-
GTGGTCGCTCCGCAG-39
duTBK1/PCA/Flag-F One-step cloning 59-CATCATTTTGGCAAAGAATTCGCCACCATG CAGAGCACTTCAAATTAC-39
duTBK1/PCA/Flag-R 59-TTGGCAGAGGGAAAAAGATCTCTACTTATCGTCGTCATCCTTGTAATCG-
ATGCAGTCCACATTCCG-39
F, forward; qRT-PCR, quantitative RT-PCR; R, reverse.
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DTMUV NS2B3 inhibits NDV-triggered IFN induction
To further examine the DTMUV proteins that inhibited the
production of IFN-b, we amplified the sequences encoding
individual nonstructural proteins and NS2B3 polyproteins by
PCR and cloned them into the pCAGGS vector to generate
expression plasmids; the expressed DTMUV nonstructural
proteins had a 6xHis-tag at the C terminus. Using Western
blotting, we showed that all His-tagged DTMUV proteins
were expressed well in transfected DEF cells (data not
shown). In the next experiment, DEF cells were transfected
with plasmids encoding viral nonstructural proteins for 20 h
and then infected with NDV (1 3 1025.67 Tissue Culture
Infectious Dose 50/0.1 ml), and NDV replication was ana-
lyzed the following day by quantitative RT-PCR, as previously
described (24).
As expected, NDV replication was enhanced by 23% in cells
transfected with a control plasmid-expressing influenza A virus
NS1 (fNS1) (Table II), a well-known type I IFN antagonist
(Fig. 2A). The obtained results also revealed that NDV replication
was enhanced in all cells transfected with plasmids encoding
DTMUV nonstructural proteins; for plasmids expressing proteins
other than NS4B (the rest of the proteins), the effect was statis-
tically significant. The enhancement was most prominent and
significantly exceeded that observed in fNS1-expressing control
cells in DEFs transfected with DTMUV NS2B3 expression plas-
mids (Fig. 2A). These results indicated that DTMUV NS2B3 can
promote the production of NDV in DEFs, presumably inhibiting
cellular antiviral responses. To explore whether DTMUV NS2B3
promotes NDV propagation by inhibiting IFN expression, we
cotransfected DEF cells with plasmids encoding viral nonstruc-
tural proteins and a luciferase reporter placed under the control of
the promoter of IFN-b or an ISRE. At 20 h posttransfection, the
DEF cells were infected with NDV (or left uninfected as a control)
for 36 h; at this time point, cells were harvested, and luciferase
activity was measured. As expected, NDV infection triggered the
expression of reporters from both IFN-b and ISRE promoters,
and the activation was reduced by coexpression with the fNS1
protein (Fig. 2B). Consistent with previous findings, this ex-
periment demonstrated that expression of DTMUV NS2B3
resulted in similar, if not more prominent, suppression of
reporter activities (Fig. 2B), demonstrating that DTMUV NS2B3
does inhibit NDV-induced IFN induction. Furthermore, NS2B3
inhibited NDV-induced activation of IFN-b and ISRE promoters
in a dose-dependent manner (Fig. 2C). Finally, we analyzed
whether NS2B3 countered IFN-b promoter activation in cells
transfected with poly(deoxyadenylic/deoxythymidylic) [poly(dA:dT)].
Poly(dA:dT) is recognized by several cytosolic DNA sensors
and can also be transcribed by RNA polymerase III into
dsRNA with a 59-triphosphate moiety (59pppdsRNA), which is
a ligand for RIG-I (26). The expression of NS2B3 significantly
blocked poly(dA:dT)-induced IFN-b promoter activation (Fig. 2D),
suggesting that NS2B3 may block the RLR or DNA-sensing
signaling pathway.
DTMUV NS2B3 inhibits RIG-I–, MAD5-, MAVS-,
and STING-mediated IFN induction
To determine the molecular target of NS2B3 in the IFN induction
signaling pathway, we coexpressed key molecules in the RIG-I
signaling pathway, such as RIG-I, MDA5, MAVS/VISA, and
STING/MITA, together with NS2B3 and a luciferase reporter
produced from a reporter plasmid harboring the IFN-b and ISRE
promoters. The inhibition rate might be decreased because lipid-
mediated transfection of the plasmid vector actually promotes IFN
production in cells (27, 28). In transfected DEF cells, all Flag-
tagged signaling proteins were expressed well. Analysis of lucif-
erase activity at 24 h posttransfection revealed that expression
of NS2B3 significantly inhibited RIG-I–, MDA5-, MAVS/VISA-,
or STING/MITA-induced IFN-b and ISRE promoter activation
(Fig. 3). Conversely, the induction of Fluc expression from the
IFN-b promoter by coexpression of TBK1 and IRF7 was not af-
fected by NS2B3 (Fig. 3), which suggested that NS2B3 likely
inhibits the IFN signaling pathway at a step upstream of IRF7 and
TBK1. IRF3 seems to be missing in avian species, in which IRF7
is present instead in the IFN signaling pathway to respond to viral
infections (29).
Effects of duSTING knockdown and NS2B3 overexpression on
DTMUV replication
We next studied the impact of duSTING and NS2B3 on DTMUV
genome replication. First, we transfected previously reported (23)
Table II. Key resources used in this study
Reagent Type (Species) or Resource Designation Source or Reference Identifiers
Gene (Anas platyrhynchos) STING; TMEM173 PMID: 28969942
Gene (Homo sapiens) STING; TMEM173 NA GenBank: NM_198282
Gene (Mus musculus) STING; TMEM173 NA GenBank: NM_001289591
Gene (Gorilla gorilla) STING; TMEM173 NA GenBank: XM_0040426
Gene (Sus scrofa) STING; TMEM173 This study GenBank: FJ455509.1
Gene (A. platyrhynchos) RIG-I This study GenBank: KP981415.1
Gene (A. platyrhynchos) MDA5 This study GenBank: KJ451070.1
Gene (A. platyrhynchos) MAVS This study GenBank: KX290106.1
Gene (A. platyrhynchos) TBK1 This study GenBank: MG772817.1
Gene (A. platyrhynchos) IRF7 PMID: 29885990 GenBank: MG707077.1
Gene (TMUV) NS2B3 PMID: 26303137 GenBank: KM233707.1
Gene (NDV) NA GenBank: JN688865.1
Gene (JEV) NS2B3 NA GenBank: U14163.1
Gene (DENV2) NS2B3 GenBank: AF038403.1
Gene (ZIKV) NS2B3 GenBank: KU365778.1
Gene (influenza A virus) NS1 NA GenBank: MH018681.1
Commercial assay or kit Dual-Glo Luciferase Assay System Promega Catalog no. E2920
Commercial assay or kit PrimeScript RT Reagent Kit with gDNA
Eraser
Takara Catalog no. RR047A
Commercial assay or kit Fast Mutagenesis System Trans Catalog no. FM111-01
Commercial assay or kit GeneJET PCR Purification Kit Thermo Fisher Scientific Catalog no. K0702
NA, not applicable; PMID, PubMed identification.
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short hairpin RNAs (shRNAs) targeting duSTING into DEF cells
together with a plasmid containing cDNA of a DTMUV replicon
that expresses luciferase as a surrogate marker for RNA replica-
tion. Knockdown of duSTING significantly enhanced the per-
missibility to DTMUV replication (Fig. 4A). In another setup,
we cotransfected DEF cells with a DTMUV NS2B3-expressing
or pCAGGS control plasmid and a DTMUV replicon plasmid. The
DTMUV replication level was significantly higher in cells over-
expressing NS2B3 than in control cells (Fig. 4B). This finding
indicates that the favorable effect of NS2B3 expression is stronger
than the possible negative effects that may have resulted from
excess viral proteins in transfected cells. Taken together, these
results demonstrated that duSTING and NS2B3 may negatively
and positively, respectively, regulate the cellular permissiveness of
DEF cells for DTMUV replication.
DTMUV NS2B3 and duSTING colocalize in mammalian and
avian cells
Abs to duSTING proteins are not available; therefore, the subcellular
localization of DTMUV NS2B3 and duSTING in mammalian
(BHK21) cells and DEF cells was analyzed using detection of
tagged proteins by indirect immunofluorescence microscopy. In
DEF cells, DTMUV NS2B3 was localized predominantly with
the endoplasmic reticulum (ER) (Fig. 5A), whereas in BHK21
FIGURE 2. DTMUV NS2B3 inhibits NDV-triggered IFN induction. (A) DEF cells were transfected with pCAGGS plasmids expressing His-
tagged DTMUV nonstructural proteins (NS1, NS2A, NS2B3, NS4A, 2KNS4B, or NS5) or fNS1. Twenty-four hours later, the cells were infected
with NDV. NDV RNA levels were measured by specific RT-qPCR. (B) DEF cells were transfected with 800 ng of IFN-b luc or ISRE and 80 ng of
pRL-TK plasmids, along with the indicated amount of DTMUV NS2B3 plasmid. Twenty-four hours after transfection, the cells were treated with
or without NDV for 36 h before luciferase reporter assays were performed. (C and D) DEF cells were transfected with 800 ng of IFN-b luc or ISRE
and 80 ng of pRL-TK plasmids, along with the indicated amount of DTMUV NS2B3 plasmids or 800 ng of pCAGGS plasmids. Then, the cells
were mock infected or infected with NDV for 36 h or 10 mg/ml poly(dA:dT) for 24 h before the luciferase reporter assays were performed. A
representative experiment out of three repeats is shown. Asterisks indicate significant differences (p , 0.05) as determined by Student t test. Error
bars indicate SD. ****p , 0.0001.
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cells, this protein was detected as being associated with both
the ER and mitochondria (Fig. 5B). Consistent with previous
reports (30), duSTING was localized with both the ER and
mitochondria in both cell types (Fig. 5A, 5B). In both DEF and
BHK21 cells cotransfected with NS2B3- and duSTING-expression
plasmids, NS2B3 was found to extensively colocalize with STING
(Fig. 5A, 5B), which suggested that NS2B3 might interact with
duSTING.
DuSTING is the proteolytic target of DTMUV NS2B3
Human STING is cleaved by the NS2B3 protease of several
human-infecting flaviviruses (31, 32). Similar to its counter-
parts from these viruses, DTMUV NS2B3 also processed several
sites in the viral polyprotein. To explore whether the protease
activity of NS2B3 is related to its role in immune inhibition, we
cotransfected DEF cells with plasmids expressing duSTING
and DTMUV NS2B3. Western blot analysis of lysates of trans-
fected cells clearly showed that duSTING was indeed cleaved
(Fig. 6A). To examine the NS3/STING interaction in the context
of DTMUV infection, we transfected BHK21 cells with His-
tagged STING and then infected the cells with DTMUV. The
results showed that NS3 and STING indeed colocalized (Fig. 6B).
Next, we generated three proteolytically inactive versions of
the DTMUV protease by mutating critical residues of the NS3
protease domain: NS2B3/S135A, DTMUV NS2B3/H51A, and
DTMUV NS2B3 H51A/S135A (Fig. 6C). To confirm that the
obtained constructs express proteins lacking protease activity,
we cotransfected BHK21 cells with plasmids expressing duSTING
alongside plasmids expressing either wild-type or mutant versions
of DTMUV NS2B3. As expected, we found that the mutant pro-
teases were unable to cleave duSTING or themselves (Fig. 6C).
When the plasmids expressing mutant versions of DTMUV were
used to suppress activation of the IFN-b promoter, we observed
that their ability to suppress duSTING-mediated activation of
the IFN-b promoter was strongly and significantly diminished
(Fig. 6D). These results suggested that the inhibition of duSTING-
mediated activation of the IFN-b promoter by NS2B3 is dependent
on the protease activity of NS2B3.
To determine whether duSTING is the only molecular tar-
get of the DTMUV NS2B3 protease in the IFN pathway, we
cotransfected plasmids expressing four key duck IFN signaling
molecules (RIG-I, MDA5, MAVS, and TBK1) with plasmids
expressing wild-type NS2B3. Western blot analysis of lysates
from transfected cells revealed that none of these proteins was
cleaved by NS2B3 (Fig. 6E). We also found that the duSTING
cleavage activity of the NS2B3 protease was not strictly spe-
cies specific, as the proteases of DTMUV, dengue virus (DENV),
and Zika virus (ZIKV), which share similar substrate sequences,
did cleave duSTING (Fig. 6F, 6G). DTMUV also cleaves hu-
man STING (Fig. 6H). Conversely, duSTING could not be
cleaved by Japanese encephalitis virus (JEV) NS2B3 (Fig. 6I);
unexpectedly, JEV NS2B3 did not cleave pig STING (Supplemental
Fig. 1). DTMUV NS2B3 was also unable to cleave mouse
STING (Fig. 6J). Taken together, our results suggested that
DTMUV infection halted type I IFN induction by cleaving STING
and that this cleavage occurs in a not-strictly-species-specific
manner.
The residues R84 and G85 of duSTING are important for
DTMUV protease cleavage, and cleavage is essential for
NS2B3-induced IFN inhibition
To identify the cleavage site(s) in duSTING that are processed by
DTMUV NS2B3, we constructed a plasmid-expressing duSTING
FIGURE 4. Effects of duSTING knockdown and NS2B3 overexpression
on DTMUV replication. (A) Schematic representation of the DTMUV
subgenomic reporter replicon (sgDTMUV) is shown at the top. DEF cells
containing 100 ng of a plasmid-expressing the sgDTMUV were trans-
fected with 400 ng of STING-targeted shRNAs or negative control
shRNA. At 48 h after transfection, cells were harvested, and internal
luciferase activity was measured. (B) One hundred nanograms of empty
plasmid or plasmid-expressing NS2B3 together with the DTMUV sub-
genome replicon was transfected into DEF cells. Forty-eight hours after
virus transfection, cells were harvested, and internal luciferase activity
was measured. A representative experiment out of two repeats is shown.
Asterisks indicate significant differences (p , 0.05) as determined by
Student t test. Error bars indicate SD. *p , 0.05, **p , 0.01.
FIGURE 3. DTMUV NS2B3 inhibits RIG-I–, MAD5-, MAVS-, and STING-mediated IFN induction. DEF cells were cotransfected with the luciferase
plasmid, 800 ng of a NS2B3-expressing plasmid, and 800 ng of a plasmid-expressing RIG-I, MDA5, MAVS, STING, TBK1, or IRF7. Luciferase activity
was measured 24 h after transfection, and the results are presented as the fold induction of the IFN-b promoter and ISRE activity. A representative
experiment out of three repeats is shown. Asterisks indicate significant differences (p , 0.05) as determined by Student t test. Error bars indicate SD.
**p , 0.01, ***p , 0.001, ****p , 0.0001.
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with an HA-tag and a Flag-tag at the N and C termini, respectively.
Western blot analysis showed that the duSTING cleavage products
had molecular masses of ∼35 and ∼10 kDa (Fig. 7A, lane 1, gray
arrows). It was previously proposed that human STING is cleaved
by DENV between Arg-95 and Gly-96 (33). We aligned the amino
acid sequences of duck and human STING and constructed two
expression plasmids: HA/duSTING-N for the N-terminal residues
1–100 and duSTING/C-Flag for the C-terminal residues 101–382.
The relatively small fragments of duSTING produced by NS2B3
cotransfection migrated faster than HA/STING-N (aa 1–100)
(Fig. 7A, lanes 1 and 3), and the relatively large fragments mi-
grated slower than STING/C-Flag (aa 101–379) (Fig. 7A, lanes 1
and 4), suggesting that the predicted sites located in the third
transmembrane (TM) domain of duSTING are far behind the
site cleaved by NS2B3. We analyzed the cleavage sites of
DTMUV NS2B3 in the viral polyprotein. Notably, the human
STING IHCM mutant continued to be cleaved by DENV
NS2B3, and the corresponding duSTING RWHL mutant was
also cleaved by DTMUV NS2B3 (Fig. 7B). Further analysis
showed that DTMUV NS2B3 has a strong preference for Arg
as the P1 residue of the cleavage site (34, 35). Ala scanning of
residues that were potential DTMUV NS2B3 cleavage deter-
minants in duSTING was performed. Analysis performed by
coexpression of DTMUV NS2B3 revealed that cleavage effi-
ciency was severely affected by G85A substitution and that the
double substitution R84A/G85A completely abolished the ap-
pearance of the cleavage product. These data indicated that the
residues R84 and G85 of duSTING are important for DTMUV
protease cleavage (Fig. 7C). These data are similar to those
found for DENV protease-mediated cleavage of human STING
(31). Furthermore, we analyzed the effect of the duSTING cleavage
products on duSTING-induced IFN-b production. DEF cells
were cotransfected with plasmids that express duSTING, full-
length duSTING, or the N- or C-terminal STING from the
cleavage site of R84/G85 and a plasmid-expressing luciferase
reporter using either IFN-b/Fluc or ISRE promoter. Analysis of
luciferase activity measured at 24 h posttransfection revealed
that full-length duSTING induced the production of IFN-b at
low or high levels (Fig. 7D). However, the truncated duSTING
promoted the production of full-length IFN-b only at low levels
(Fig. 7D). At high expression levels, the truncated duSTING
significantly inhibited the production of IFN-b (Fig. 7D), which
indicated that the duSTING cleavage product is not useless in IFN
inhibition.
Next, we investigated whether NS2B3 could suppress IFN-b
production mediated by duSTING mutants. In this experiment,
DEF cells were cotransfected with plasmids expressing the
R84A/G85A mutant of duSTING and DTMUV NS2B3 and a
plasmid-expressing a luciferase reporter using either the IFN-
b/Fluc or ISRE promoter. Analysis of luciferase activity
measured at 24 h posttransfection revealed that the introduced
mutations did not compromise the ability of duSTING to pro-
mote the production of a reporter from IFN-b and ISRE
promoters (Fig. 7E). Inhibition by DTMUV NS2B3 of duSTING-
mediated enhanced expression from IFN-b and ISRE promoters
was significantly reduced by the R84A/G85A mutation (Fig. 7E).
We also analyzed the mechanism via which the R84A/G85A
mutation in duSTING affects the ability of NS2B3 to inhibit
duSTING-activated transcription of the IFN-b, 29-59-oligoadeny-
late synthase–like (OASL) and myxovirus-resistant (Mx) genes
using RT-qPCR. The obtained results showed that the ability of
NS2B3 to suppress duSTING-mediated activation of IFN-b,
FIGURE 5. DTMUV NS2B3 and duSTING colocalize in mammalian and avian cells. (A and B) DEF cells and BHK21 cells were cotransfected
with the plasmid-expressing DTMUV NS2B3, duSTING, pDsRed2-ER, or pDsRed2-Mito and then stained with anti-His and anti-Flag Abs. Next,
the cells were treated with a FITC goat anti-mouse secondary Ab or tetramethylrhodamine isothiocyanate (TRITC) goat anti-rabbit secondary Ab
and with blue DAPI. Fluorescence was detected by fluorescence microscopy. Original magnification 3600. A representative experiment out of
three repeats is shown.
3380 THE INTERACTION BETWEEN DUCK TEMBUSU VIRUS AND STING
 at Tartu U
niversity Library on Septem
ber 11, 2020
http://w
w
w
.jimmunol.org/
D
ow
nloaded from
 
OASL, and Mx mRNA synthesis was significantly reduced by the
R84A/G85A mutation (Fig. 7E). Collectively, our data indicated
that cleavage of duSTING is essential for NS2B3-induced type I
IFN inhibition.
DTMUV NS2B3 and NS2B interact with duSTING
A coimmunoprecipitation assay was used to analyze the in-
teraction between DTMUV NS2B3 and duSTING. The cells
were cotransfected with plasmids expressing Flag-tagged mouse
FIGURE 6. DuSTING is the proteolytic target of DTMUV NS2B3. (A) C-terminal His-tagged duSTING was cotransfected with the DTMUV NS2B3 protein
in BHK21 cells. Cells were harvested for Western blotting at 24 h posttransfection with the indicated Abs. Molecular mass (kDa) markers are shown on the
sides. (B) BHK21 cells were transfected with the plasmid-expressing duSTING-His, along with DTMUV infection for 24 h, and then stained with anti-His and
NS3 Abs. Next, the cells were treated with a FITC goat anti-mouse secondary Ab or tetramethylrhodamine isothiocyanate (TRITC) goat anti-rabbit secondary
Ab and with blue DAPI. Fluorescence was detected by fluorescence microscopy. (C) Cotransfection of DTMUV NS2B3 plasmid constructs and the duSTING-
expressing plasmid in BHK21 cells. The samples were analyzed as described in (A). (D) DEF cells were cotransfected with the luciferase plasmid, 800 ng of
NS2B3-expressing plasmid, and the indicated plasmid. Luciferase activity was measured 24 h after transfection, and the results are presented as the fold
induction of IFN-b promoter activity. (E) BHK21 cells were cotransfected with the NS2B3-expressing plasmid, and the plasmid-expressing RIG-I, MDA5,
MAVS, or TBK1 cells were harvested for Western blotting at 24 h posttransfection with the indicated Abs. (F and G) BHK21 cells were cotransfected with
duSTING-Flag or human STING (huSTING) plus the viral protease encoded by DENV, ZIKV, or DTMUV NS2B3 and analyzed by immunoblotting with Abs
against His-tag and Flag-tag. (H) BHK21 cells were cotransfected with huSTING plus the viral protease encoded by DENVor DTMUV NS2B3 and analyzed
by immunoblotting with Abs against His-tag and Flag-tag. (I) BHK21 cells were cotransfected with duSTING-Flag plus the viral protease encoded by JEVor
DTMUV NS2B3 and analyzed by immunoblotting with Abs against His-tag and Flag-tag. (J) Evaluation of the cleavage ability of DTMUV NS2B3 on mouse
STING by Western blotting using anti-His and anti-FLAG Abs. A representative experiment out of two repeats is shown. Asterisks indicate significant
differences (p , 0.05) as determined by Student t test. Error bars indicate SD. **p , 0.01, ****p , 0.0001.
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STING or duSTING and 6xHis-tagged DTMUV NS2B3. This
experiment revealed that NS2B3 could bind STING from either of
these hosts (Fig. 8A). When the experiment was performed using
plasmids expressing NS2B and NS3 of DTUMV individually, we
found that whereas both DTMUV NS2B and NS2B3 could in-
teract with duSTING, NS3 could not interact with this molecule
(Fig. 8B). Notably, the precipitated protein can detect only NS3,
not NS2B3. These data suggested that NS2B is vital for the in-
teraction of NS2B3 with duSTING.
The interaction of the NS2B region of the DTMUV protease
and STING is crucial for cleavage
Because the cleavage site is located in the middle of the putative
TM structure, to investigate whether the putative TM structure of
duSTING impaired the cleavage of NS2B3, we constructed four
eukaryotic expression plasmids encoding fusion proteins con-
taining an enhanced GFP (EGFP) tag at the N terminus and a GST
tag at the C terminus (Fig. 8C, 8D). The insertion sequence in-
cluded 10 aa from the cleavage site to the second TM structure
(EGFP/TM2/GST), 10 aa from the cleavage site to the third TM
structure (EGFP/TM3/GST), and the second and third TM struc-
tures plus the cleavage site (10 aa; EGFP/TM2/3/GST). Insertion
of 10 aa residues, including the cleavage site found in duSTING,
resulted in a substrate that, when coexpressed with NS2B3, was not
cleaved by the latter (Fig. 8C). Unexpectedly, DTMUV NS2B3 also
failed to cleave the substrate representing the full N-terminal
TM region (aa 1–156) of duSTING fused to the EGFP (Fig. 8E).
Consistent with this finding, substrates containing the cleavage
site together with the second TM domain of STING, with the
third TM domain of STING or with both the second and third
TM domains of STING were not processed by DTMUV NS2B3
(Fig. 8D). Thus, neither the cleavage site in duSTING nor the
full TM region of duSTING was cleaved by DTMUV NS2B3,
indicating that sequences that are essential for the recognition
of duSTING are not located near the cleavage site. Therefore, we
hypothesized that the region(s) essential for binding of duSTING
by NS2B3 include sequences located in the C-terminal region of
duSTING.
To verify this hypothesis, we constructed a set of deletion
mutants of duSTING and assayed them as described above.
FIGURE 7. DTMUV NS2B3 cleaves duSTING between residues R84 and G85, and cleavage is essential for NS2B3-induced IFN inhibition. (A)
BHK21 cells were transfected with the full-length or deletion constructs of STING with or without the His-tagged DTMUV NS2B3. Transfectants
were harvested for immunoblotting with the Abs indicated at the right. The full-length STING is indicated by black arrows, the cleaved product is
indicated by gray arrows, and nonspecific bands are indicated by pound signs. (B and C) BHK21 cells were transfected with Flag-tagged wild-type
(WT) duSTING or duSTING mutants as indicated, along with DTMUV NS2B3. Cell lysates were prepared 24 h posttransfection and analyzed by
Western blotting. (D) DEF cells were transfected with duSTING and increasing amounts (200 and 800 ng) of full-length dusting or N- or C-terminal
STING from the cleavage site of R84/G85 with 800 ng of the IFN-b/Luc plasmid and 80 ng of pRL-TK. Luciferase assays were performed 24 h after
transfection. (E) DEF cells were cotransfected with 800 ng of the IFN-b/Luc plasmid or ISRE, 80 ng of pRL-TK plasmid, and 800 ng of the Flag-
tagged duSTING/R84A/G85A or duSTING expression plasmid, together with 800 ng of DTMUV NS2B3 expression plasmids. In the control group,
DEF cells were cotransfected with the IFN-b/Luc plasmid or ISRE, the pRL-TK plasmid, and the duSTING or duSTING/R84A/G85A expression
plasmid, together with the pCAGGS empty vector. Luciferase assays were performed 24 h after transfection. DEF cells were cotransfected with WT
duSTING or a duSTING mutant and the DTMUV NS2B3 expression plasmids, and the control group cells were cotransfected with the duSTING or
duSTING/R84A/G85A expression plasmid and the pCAGGS vector. Twenty-four hours after transfection, cells were collected, and RT-qPCR was
performed. The inhibition rate was determined based on inhibition by the NS2B3 expression plasmid of STING- or STING mutant (STINGmut)–
induced IFN expression compared with the empty expression plasmids. A schematic diagram of the inhibition rate algorithm is shown at the top. A
representative experiment out of three repeats is shown. Asterisks indicate significant differences (p , 0.05) as determined by Student t test. Error
bars indicate SD. *p , 0.05, **p , 0.01, ***p , 0.001, ****p , 0.0001.
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Truncated duSTING (aa 1–365, 1–345, 1–265, 1–245, and 1–225)
was cleaved by DTMUV NS2B3; the same proteins were also
able to interact with NS2B3 in our coimmunoprecipitation assay
(Fig. 8G). Further truncated duSTING (aa 1–205 and 1–220)
could not be cleaved by DTMUV NS2B3, and these proteins did
not show an obvious interaction (Fig. 8H). The assay showed that
the minimal fragments of duSTING that were able to interact with
NS2B3 spanned residues 1–225 (Fig. 8F, 8H). Taken together,
these results show that the central region of duSTING, spanning aa
221–225, was recognized by NS2B3, presumably by the NS2B
part of the protease. This finding suggested that the fragment that
contained a cleavage site for NS2B3 was not cleaved, whereas
NS2B3 could not bind the fragment. Together, our findings indi-
cated that cleavage of duSTING by DTMUV NS2B3 is dependent
on two different events. First, presumably, the NS2B protease
binds to the exosite located in the central part of duSTING.
Second, this binding allows the NS3 part of the protease to process
scissile bonds located more than 100-aa residues upstream of the
exosite. If either of these requirements was not met, cleavage of
duSTING by DTMUV NS2B3 was abolished.
Discussion
Viruses have developed a variety of ways to escape innate im-
munity. Blocking upstream signals in the immune pathway is the
FIGURE 8. The interaction of the NS2B part of the DTMUV protease and STING is crucial for cleavage. (A) C-terminally His-tagged NS2B3 transfected into
BHK21 cells along with C-terminally Flag-tagged duSTING or mouse STING (mSTING). The cell lysates were immunoprecipitated with an anti-Flag Ab and
then immunoblotted with the indicated Abs. (B) C-terminally His-tagged NS2B3, NS3, or NS2B was transfected into BHK21 cells along with Flag-tagged
duSTING. The cell lysates were subjected to immunoprecipitation with an anti-Flag Ab and immunoblotting with the indicated Abs. The specific band is in-
dicated by the gray star. (C) Schematic diagram and summarized properties of duSTING constructs. The constructs were N-terminal EGFP– and C-terminal
GST–tagged plasmids. The amino acid close to the cleavage site was inserted into the construct plasmids. Construct plasmid EGFP/TM2/GST, EGFP/TM3/GST,
or EGFP/TM23/GST (D), or duSTING1–156/GFP (E) was cotransfected with DTMUVNS2B3 into BHK21 cells. Cells were harvested for Western blotting at 24 h
posttransfection with the indicated Abs. (F) Schematic representation of full-length, wild-type (WT) duSTING and its indicated deletion mutants. (G and H)
NS2B3 interacts with all deletion mutants. BHK21 cells were cotransfected with plasmids encoding the indicated deletion mutants of duSTING/Flag together
with NS2B3/His. Whole-cell lysates were subjected to immunoprecipitation with anti-Flag Ab, and immunoprecipitates and whole-cell lysates were analyzed by
Western blotting with Abs against the indicated targets. Cleavage products are indicated by black stars. A representative experiment out of three repeats is shown.
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most effective approach for suppressing innate immunity (36–38).
The nonstructural proteins encoded by viruses belonging to the
family Flaviviridae are capable of blocking the detection of virus
infection and shutting down subsequent signaling by interacting
with proteins in the type I IFN pathway mediated by RLR and
TLRs (17). For example, hepatitis C virus NS3/4A protease
cleaves the adaptor proteins MAVS and TRIF downstream of
RIG-I/MDA5 and TLR3, respectively. West Nile virus NS4B in-
hibits RIG-I/MAVS by blocking TBK1/IRF3 phosphorylation.
ZIKV NS5 targets STAT2 to inhibit type I IFN signaling (33, 39–44).
The adaptor proteins (MAVS, STING, and TRIF) play a very
important role in the process of IFN signaling (16). All PRRs
recognize the pathogen-associated molecular pattern, transmit
signals to the adaptor protein, and then activate TBK1 and phos-
phorylate IRF3, resulting in the production of type I IFN (16, 45).
STING plays an important role in cytosolic dsDNA transfection
and is also capable of stimulating bacterial and RNA virus acti-
vation (30, 46–49). How RNA virus infection induces the activa-
tion of DNA receptors is not fully understood. However, DENV
infection was shown to induce the enrichment of mitochondrial
DNA, which is recognized by cyclic GMP-AMP synthase, ulti-
mately leading to activation of the GMP-AMP synthase/STING
pathway (39).
In this study, we showed that during DTMUV infection, the
production of IFN-b and the activation of IFN promoters are
inhibited. We identified NS2B3 as one of the viral proteins that
suppresses signaling from PRR via adaptor proteins. This analysis
revealed that only duSTING was cleaved by DTMUV NS2B3,
highlighting two determinant factors of DTMUV NS2B3–specific
cleavage of duSTING.
A. C. Stabell and colleagues (31) believe that DENV2 cleaves
human STING, but not that of nonhuman primates, and that this
specificity contributes to maintaining low viral titers and patho-
genicity in rare animals that serve as natural reservoirs. Recently,
the species specificity of STING cleavage by NS2B3 of differ-
ent flaviviruses has been confirmed, and the exact cleavage site
in human STING was mapped (32). Our data indicated that both
duSTING and human STING could be cleaved by DTMUV
NS2B3, DENV, and ZIKV, consistent with these recent reports.
However, unexpectedly, we found that DTMUV NS2B3 cannot
cleave mouse STING, whereas DTMUVexhibits neurovirulence
and pathogenicity in mice following intracerebral inoculation
(7, 50). Although DTMUV Abs have been found in serum
samples of duck industry workers, DTMUV does not replicate
well in human cells; it is highly sensitive to IFN signaling and
therefore not pathogenic for primates (6, 8). These data suggest
that in vivo flavivirus titers are controlled by multiple mecha-
nisms, and the ability of viral NS2B3 to cleave the respective
STING adaptor may be essential but is not sufficient for efficient
replication.
To our knowledge, we demonstrated for the first time, a novel,
biphasic mode of STING recognition and cleavage by a flavivirus
protease. The crucial step in this process is the interaction between
the exosite located in the C-terminal half of STING and DTMUV
NS2B3. As we also demonstrated that NS2B, not NS3, is important
for duSTING binding, we hypothesized that this interaction occurs
via NS2B. The flavivirus NS2B protein usually acts as a cofactor
for proteases, and there are very few studies about NS2B interacting
with the immune molecule alone. M. E. Hill and colleagues (51)
found that NS2B as a cofactor for ZIKV protease is important for
host cell substrate-specific recognition. However, to the best of our
knowledge, the role of DTMUV NS2B in duSTING binding and
cleavage has not been previously reported; thus, our study expands
the understanding of the functions of this flavivirus-encoded
protein. Similar to the ZIKV and DTMUV NS2B proteins, NS2B
proteins of other flaviviruses also likely participate in the recog-
nition of host cell targets.
In overexpression experiments, the cleavage of duSTING was
not complete. As shown in Figs. 6A, 6C, 7B, 7C, and 8G, the
cleavage was inefficient; low levels of duSTING were cleaved,
but most of the protein was left intact. However, in a very
similar setting, the inhibition of duSTING-mediated signaling
was prominent (Fig. 3). Although cleavage was inhibited, some
inhibitory activity remained (Fig. 7E). Our results indicated that
the cleavage product interferes with signaling from the remaining
duSTING (Fig. 7D).
In this study, we found that DTMUV NS2B3 cleaves duSTING
and inhibits IFN signaling, and the cleavage site is located between
residues R84 and G85. While we were finishing up the manuscript,
two groups reported that ZIKV and DENV NS2B3 cleave human
STING between residues R78 and G79 (31, 32). The results of
multisequence alignment confirmed that duSTING and human
STING contain the same highly conserved cleavage site. Thus,
DTMUV, DENV, ZIKV, and West Nile virus proteases share the
same substrate because of their similar structural properties. Our
subsequent studies indeed showed that DENV NS2B3 and ZIKV
NS2B3 could cleave duSTING between aa residues R84 and G85
and that this cleavage inhibited duck type I IFN production.
DTMUV could also cleave human STING. These findings may
have relevance for the emergence of new human viruses. Aquatic
birds, such as ducks, are an intermediate species often overlooked
in the study of interactions between humans and pathogenic mi-
croorganisms. Aquatic birds play a critical role in the transmission
and dissemination of many important pathogens, such as avian
influenza virus. DTMUV is a newly emerged avian flavivirus, and
the original TMUV strain, discovered in mosquitoes, has the same
transmission mode as most flaviviruses. These results led us to
speculate that in areas with high incidences of DENV and ZIKV,
Abs to these viruses may be detected in ducks; the presence of the
viruses may also be detected. The role of aquatic birds, such as
ducks, in the spread and maintenance of DENV, ZIKV, and other
arboviruses pathogenic to humans is worthy of in-depth study.
Similarly, further studies of the molecular bases of the wide tro-
pism of DTMUV, DENV, and ZIKV are extremely important for
the prevention and control of outbreaks of DTMUV and possibly
DENV, ZIKV, and other arboviruses.
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